Background: Synucleinopathy is any of a group of age-related neurodegenerative disorders including Parkinson's disease, multiple system atrophy, and dementia with Lewy Bodies, which is characterized by a-synuclein inclusions and parkinsonian motor deficits affecting millions of patients worldwide. But there is no cure at present for synucleinopathy. Rapamycin has been shown to be neuroprotective in several in vitro and in vivo synucleinopathy models. However, there are no reports on the long-term effects of RAPA on motor function or measures of neurodegeneration in models of synucleinopathy. Methods: We determined whether long-term feeding a rapamycin diet (14 ppm in diet; 2.25 mg/kg body weight/day) improves motor function in neuronal A53T a-synuclein transgenic mice (TG) and explored underlying mechanisms using a variety of behavioral and biochemical approaches. Results: After 24 weeks of treatment, rapamycin improved performance on the forepaw stepping adjustment test, accelerating rotarod and pole test. Rapamycin did not alter A53T a-synuclein content. There was no effect of rapamycin treatment on midbrain or striatal monoamines or their metabolites. Proteins adducted to the lipid peroxidation product 4-hydroxynonenal were decreased in brain regions of both wild-type and TG mice treated with rapamycin. Reduced levels of the presynaptic marker synaptophysin were found in several brain regions of TG mice. Rapamycin attenuated the loss of synaptophysin protein in the affected brain regions. Rapamycin also attenuated the loss of synaptophysin protein and prevented the decrease of neurite length in SH-SY5Y cells treated with 4-hydroxynonenal. Conclusion: Taken together, these data suggest that rapamycin, an FDA approved drug, may prove useful in the treatment of synucleinopathy.
symptoms, including tremor, rigidity, and slowness of movement, are common symptoms of synucleinopathy. There is no effective treatment at present for these conditions.
There is evidence for a role of elevated mammalian target of rapamycin (mTOR) in synucleinopathy. For example, mTOR activity is elevated in postmortem brain from DLB patients compared to control patients. Rapamycin (RAPA), an allosteric inhibitor of mTOR, reduces neuronal toxicity induced by PD mimetics in vitro and in vivo (2Á4) and reverses the neurodegenerative phenotype in neuronal cells overexpressing human a-synuclein (5,6). Short-term intra-cerebral infusion of RAPA ameliorates neurodegenerative alterations in mice overexpressing human wild-type a-synuclein (7). However, there are no reports on the long-term effects of RAPA on motor function or measures of neurodegeneration in models of synucleinopathy.
The A53T mutation in human a-synuclein was the first mutation of a-synuclein reported to be associated with PD, affecting families in Italy, Greece, and Australia (8Á10). It has also been detected in sporadic PD (11) . Therefore, we investigated the effects of chronic feeding of a RAPAcontaining diet in a mouse model of synucleinopathy which overexpress the human A53T a-synuclein specifically in neurons (TG) and exhibits motor dysfunction (12) .
Materials and methods
Animals TG mice (12) were obtained from National Institute on Aging contract colony. Wild-type (WT) genetic controls on the same C57Bl/C3H background were obtained from the Jackson Laboratory. Mice unable to perform the righting reflex were excluded from behavioral testing. Mouse diet containing microencapsulated RAPA (Southwest Research Institute, San Antonio TX; 14 ppm in diet; 2.25 mg/kg body weight/day) or the Eudragit S100 (Rohm Pharma) microencapsulation material (13) was fed to age-matched TG and WT of both sexes (n 024Á25; 2 cohorts) from 13 weeks of age for 24 weeks. This dose of RAPA was chosen because it increased longevity in old mice (13) , and the increase in survival conferred by RAPA treatment is hypothesized to be mediated by delaying age-related diseases, including neurodegenerative diseases (14) . Animal experiments were conducted according to the National Institutes of Health 'Guide for the Care and Use of Laboratory Animals' and were approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio.
Behavioral tests Pole test
Mice were placed with the head oriented upward at the top of a vertical wooden pole 50 cm long (1 cm in diameter) which was placed in the home cage. Mice treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) are slower to orient downward in the pole test compared with controls (15) . Mice received 2 days of training that consisted of three trials for each session. On the test day, mice received three trials, and the average time to orient downward, that is, to reverse orientation, was calculated.
Forepaw stepping adjustment test
The forepaw stepping adjustment test is a reliable approach to detect forelimb akinesia in MPTP-induced Parkinsonism (16) . The experimenter lifts the hind legs of each mouse by pulling up on the tail leaving only the forepaws touching the table. At a steady pace of approximately 1 m in 3Á4 s, the mouse was pulled backwards by the tail for 1 m. The test was recorded by video, and the number of adjusting steps from both forepaws was counted.
Accelerating rotarod test
The animals were pre-trained for 5 days on a rotarod apparatus (Rotamex 4/8; Columbus Instruments, Columbus, OH). Three trials were performed on each day. On each trial, the rotarod started at an initial speed of 4 RPM and then accelerated to 40 RPM within 300 s. On the test day, the average latency to fall from the rod during three trials was calculated.
Western blot analyses of proteins in brain mouse tissue Following behavioral tests, the mice were sacrificed under anesthesia, and the brain was rapidly removed, placed on an ice-cold glass plate, and dissected into regions. Each region was immediately frozen in a dry ice and propanol mixture before being stored at (808C.
Protein from the above brain regions was extracted with 1)RIPA buffer with 1)Calbiochem Protease Inhibitor Cocktail Set I and 1)Halt* Phosphatase Inhibitor Cocktail (Thermo Scientific). Samples were homogenized at 50 Hz using the TissueLyser LT (Invitrogen) with 5 mm steel bead tissue lysate was then centrifuged at 13,000 rpm for 15 min at 48C. Supernatant was stored at (808C freezer. Bicinchoninic acid protein assay reagents were used to determine protein concentration. Equal amounts of protein were subjected to 4Á12% Criterion SDS-PAGE gel (Bio-Rad) and transferred onto nitrocellulose membrane. Proteins were detected with antibodies directed to human a-synuclein (Abcam), synaptophysin (EMD Millipore), 4-HNE adducted protein (R&D), and betaactin (CST), respectively. Secondary antibodies (LiCor) were used to visualize the bands which were scanned and analyzed by the Odyssey † Imaging System (LiCor).
Cell culture SH-SY5Y is a human cell line subclone of SK-N-SH cell, which was isolated from a bone marrow biopsy taken from a 4-year-old neuroblastoma patient. SH-SY5Y cells Fig. 4a . The doses of RAPA and 4-HNE and the treatment duration were determined from preliminary studies. Protein from cells was extracted, and synaptophysin was detected and quantified as described in 2.3.
Measurement of neurite length in SH-SY5Y cells SH-SY5Y cells (1.4)10 5 /well) were seeded on 12-well plates. Culture medium was replaced the next day with differentiation medium containing 2.5% FBS serum and 10 mM retinoic acid. The differentiation medium was replaced with normal culture medium 2 days later. Different doses of RAPA and corresponding volumes of vehicle were added to each well. Cells then were treated with 4-HNE (15 mM) 19 h later for 5 h in the same medium as shown in Fig. 5a . A non-treated control consisted of cells without any added reagent.
Neurites were monitored using Molecular Probes † Neurite Outgrowth Staining Kit (Molecular Probes). Hoechst 33342 blue (Molecular Probes) was used to stain nuclei. Nuclear staining was combined with cell membrane staining in 4% PFA in DBPS. An Operetta † High Content Imaging System (PerkinElmer) was used to capture multiple images of cells in the plate. Cells (n!1,059) in 3Á4 fields per experiment were analyzed. Briefly, the nuclei were identified under the Hoechst channel, and the number of cells was recorded. Then neurites were identified under the Alexa 546 channel. Maximum neurite length and total neurite length per cell were analyzed by the CSIRO Neurite Analysis 2 default method.
Statistical Analyses
The results of behavioral tests were statistically analyzed using a mixed-effects regression model to dissect the effect of cohort, sex, genotype, RAPA treatment, age, and interactions among these factors. Latency to fall from the accelerating rotarod and time to reverse from the pole test were treated as time-to-event data; that is, the data represent the time elapsed until an event occurs (falling from the rotarod or reversing direction from the top of the pole). A parametric, accelerated failure time model was used to dissect the effect of cohort, sex, genotype, RAPA, age, and interactions among these factors on these two measures.
A two-way ANOVA was used to analyze effects of genotype and RAPA on levels of synaptophysin and 4-HNE protein adducts in brain regions of either sex. To analyze effects of 4-HNE and RAPA on synaptophysin protein or neurite length, a two-way ANOVA with Bonferonni or Tukey posttest was used, respectively. Data in the figures were plotted as the mean9SEM. Statistical significance was set to pB0.05.
Results

Effect of RAPA on motor function
Female TG had a log-ratio of 2.99290.319 (20-fold increase) for the time to reverse from the top of the pole compared to female WT (pB0.0001) (log-ratio is the logarithm base e of the fold-change 0log e (Fig. 1a, pB0.005) . Likewise, male TG had a log-ratio of 1.6790.2038 (5.3 fold increase) for the time until reversing compared to male WT (pB0.0001), and RAPA treatment significantly decreased the log-ratio by 0.314390.0591 (1.4 fold increase) in male TG (Fig. 1a, pB0 .0001). RAPA also significantly decreased the log-ratio time until reversing from the top of the pole in female WT by 0.194490.04486 (1.2-fold increase) (pB0.0001) but not in male WT (p!0.05) compared to mice treated with control diet.
Female TG made 5.59790.7379 significantly fewer adjustment steps (p B0.0001), and male TG made 4.42190.7916 fewer adjustment steps (pB0.0001) in the forepaw stepping adjustment test compared to their respective WT groups. RAPA treatment significantly increased 1.93290.7467 adjustment steps in female TG (pB0.01) and 1.67190.7994 in male TG (Fig. 1b, pB0 .05) compared to either sex group treated with control diet, respectively. RAPA also significantly increased 1.71790.772 adjustment steps in male WT (pB0.05) but not female WT (p!0.05, Fig. 1b ) compared to the corresponding group of mice treated with control diet.
Although female TG spent a similar amount of time on the accelerating rotarod compared to female WT (genotype effect p!0.05), RAPA treatment significantly increased the latency to fall from the accelerating rotarod by a log-ratio of 0.195490.0202 (1.2-fold increase) in female WT (pB0.0001) and by a log-ratio of 0.281390.0162 (1.3-fold increase) in female TG (pB0.0001) compared to mice treated with control diet, respectively (Fig. 1c) . The effect of RAPA in female TG was significantly greater than in female WT (RAPA/genotype interaction effect p B0.05). Male TG mice had a log-ratio 0.363990.1826 increase (1.4-fold increase) in latency to Age-matched WT and TG mice were fed mouse diet containing microencapsulated RAPA or the microencapsulation material Eudragit S100 (Vehicle Control) from 13 weeks of age for 24 weeks. Data represent mean9SEM. Data were analyzed using a mixed-effect regression model. *p B0.05, WT control versus WT RAPA; **pB0.05, WT control versus TG control; ***p B0.05, TG control versus TG RAPA. Xiang Bai et al. fall from the accelerating rotarod compared to male WT mice (genotype effect p B0.05), while RAPA treatment further increased the latency to fall by a log-ratio of 0.361290.1052 (1.4-fold increase) in male TG compared to male TG control (pB0.0001, Fig. 1c) . That the TG did not perform worse on the accelerating rotarod as compared to WT mice is consistent with previous reports (12, 18) .
Effect of RAPA on brain regional 4-HNE protein adducts
The level of 4-HNE-adducted proteins (Fig. 2 , Supplementary Fig. 4 ) was significantly increased in the cerebellum, midbrain, and striatum of male TG compared to WT (pB0.05). RAPA treatment was associated with significant (pB0.05) decreases in 4-HNE-protein adducts in each of the five brain regions tested from both WT and TG female. There were significant (pB0.05) decreases in 4-HNE-protein adducts in four of the five brain regions from RAPA-treated male WT. There was also a trend toward decreases in the mean content of 4-HNE-protein adducts in each of the five brain regions in RAPA-treated male TG, achieving significance (pB0.05) in the midbrain.
Effect of RAPA on brain regional synaptophysin As shown in Fig. 3 , synaptophysin was significantly decreased in the midbrain of male and female TG mice compared to WT, and RAPA significantly attenuated the decrease (pB0.05). Synaptophysin was also significantly decreased in the spinal cord, and striatum of female TG mice compared to WT and RAPA significantly attenuated these differences (pB0.05).
Effect of RAPA and 4-HNE on synaptophysin in SH-SY5Y cells As shown in Fig. 4 , synaptophysin was significantly reduced in SH-SY5Y cells treated for 5 h with 15 mM 4-HNE (p B0.05). Pretreatment with 0.5 mM (pB0.05) and 1 mM (pB0.01) but not by 0.1 mM RAPA significantly attenuated the decrease in synaptophysin. There was no effect of RAPA alone on synaptophysin.
Effect of RAPA on 4-HNE-induced loss of neurite length in SH-SY5Y cells As shown in Fig. 5 total neurite length from 150.4396.84 to 36.3092.18 mM (p B0.0001). RAPA alone did not alter maximum or total neurite length but increased maximum neurite length to more than 1.3-fold and total neurite length to more than 1.7-fold compared to 4-HNE-treated cells (pB0.01).
Discussion
We have found that RAPA treatment for 24 weeks improved motor performance in A53T transgenic mice in the accelerating rotarod, pole, and forepaw stepping adjustment tests. This is the first report that rapamycin rescues motor performance in A53T TG mice. The effects of RAPA on motor function were not related to effects of RAPA on grip strength or front stride length because RAPA had no beneficial effect on the two measures ( Supplementary Fig. 1 ).
To further study the mechanism that mediates effects of RAPA, we measured soluble and total human a-synuclein protein levels in five brain regions (midbrain, striatum, brain stem, cerebellum, and spinal cord) that are important for motor function and motor coordination, but found they were not altered by RAPA ( Supplementary  Fig. 2 ). These results did not support our original hypothesis that RAPA improves motor function of TG by decreasing human a-synuclein. Although it is possible that higher concentration of RAPA may decrease a-synuclein protein concentrations in this mouse model, the improvement of motor function induced by the current dose of RAPA directed us to examine other mechanisms that might be involved in the beneficial effects of RAPA, that is, increases in dopamine and metabolites, reduction in 4-HNE-modified proteins, and preservation of synapses as measured by synaptophysin protein.
Previously published studies reported selected changes in catecholamine function (19) in TG mice. RAPA has been reported to increase dopamine content in aging C57BL/6 mice (20) and MPTP-treated mice (21) . Therefore, we tested whether RAPA increases dopamine and its metabolites in striatum or midbrain. We found no effect of the A53T transgene (consistent with previous studies (19)) or RAPA on dopamine and metabolites in either brain region (Supplementary Fig. 3 ). The cause for the differences in our results, showing no effect of RAPA on dopamine content, and those previously reported are unclear, but the differences may be due to the strain of mice employed and/or in the acute nature of the MPTP treatment.
We found that RAPA decreased the levels of 4-HNEprotein adducts in brain regions of both WT and TG, which might partially explain the effects of RAPA on improved motor function that we observed in some tests in both WT and TG. Although the levels of 4-HNE protein adducts were similar between WT and TG fed the control diet, TG develop motor deficits but WT do not. This may be because A53T a-synuclein overexpression increases susceptibility to 4-HNE-induced oxidative damage, thus leading to enhanced susceptibility to synaptic degeneration. It has been reported that cells overexpressing A53T human a-synuclein exhibit mitochondrial dysfunction and increased mitochondrial production of reactive oxygen species (22) and are more susceptible to 4-HNEinduced oxidative insults (23) . Thus, we hypothesize that RAPA treatment protects against 4-HNE-induced loss of synapses.
To test that hypothesis, we examined the effects 4-HNE on synaptophysin protein content and neurite length in the SH-SY5Y dopaminergic cell line. We found that RAPA attenuated 4-HNE-induced loss of synaptophysin and reduction in neurite length. The exact molecular mechanism mediating this effect of RAPA is unclear. Previous reports have shown that RAPA-induced inhibition of mTOR signaling, which occurs by binding to FKBP12, is neuroprotective in cultured cells (3Á6, 24) . Additionally, RAPA binding to FKBP52 has also been shown to enhance neurite growth in cultured neurons (25) . Furthermore, available evidence from the literature supports the idea that RAPA's neuroprotective effects may be mediated by one or more mTOR downstream mechanisms including inhibition of protein translation and stimulation of autophagy. For example, RAPA prevents dopaminergic neuron loss and motor deficits in drosophila models of PD through activation of 4E-BP to inhibit protein translation (26) . RAPA is also reportedly neuroprotective in MPTP-treated mice by inhibiting translation of the pro-cell death protein RTP801 (3) or by enhancing lysosome biogenesis and autophagosome clearance (4) . RAPA reduces paraquat toxicity in vivo (2), rotenone toxicity in vitro and the accumulation of a-synuclein and neurodegenerative phenotype in a-synuclein overexpressing cells (5, 6, 24) and mice (7) by inducting autophagy (27) . Although we did not address these mechanisms in the studies reported here, the available evidence supports the idea that inhibition of protein translation and/or stimulation of autophagy might play an important role in decreasing 4-HNE-adducted protein in different brain regions and conferring neuroprotective effects in the TG mice used here. Based on our results and evidence from literature, we hypothesize that such an effect of RAPA on 4-HNE might be related to suppression of oxidative stress and augmentation of oxidative defenses. In that regard, oxidative stress response genes including superoxide dismutase1 and glutathione reductase have been shown to be significantly upregulated by RAPA in adult stems cells derived from C57BL/6J mice (28) . RAPA also activates the protein kinase GCN2, which plays an important role in oxidant defenses and response to oxidative insults in the yeast Saccharomyces cerevisiae (29) .
In summary, we for the first time have shown that long-term RAPA treatment improves motor function in a mouse model of synucleinopathy, that is, mice overexpressing mutant A53T human a-synuclein in neurons. Our results indicate that RAPA reduces lipid peroxidation and synaptic injury and ameliorates motor dysfunction without altering human a-synuclein protein levels. Thus, targeting downstream consequences of human a-synuclein accumulation instead of, or in addition to, human asynuclein accumulation may be effective in treatment of synucleinopathy. The presence of the lipid peroxidation product 4-HNE in Lewy bodies in PD and DLB patients (30) , as well as in glia and neuronal inclusions in MSA patients (31) provides evidence supporting the idea that 4-HNE and human a-synuclein accumulation are strongly linked to each other. In addition, cells overexpressing A53T human a-synuclein are more susceptible to oxidative insults including H 2 O 2 and 4-HNE (23) . Modification of human a-synuclein by 4-HNE induces formation of soluble oligomers and contributes to oxidative damage of neurons and increases dopaminergic neurotoxicity (32Á34). Therefore, genetic or pharmacological interventions to decrease 4-HNE and consequent synaptic injury may be potentially effective therapeutic approaches to the treatment of synucleinopathy.
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